Urinary schistosomiasis is a parasitic disease caused by Schistosoma haematobium helminths. S. haematobium eggs may remain trapped within the bladder or the ureter walls, causing major pathological disorders in the urogenital system. The polymorphism rs1800925(C/T) of the IL13 gene promoter, which is functional, has previously been associated with susceptibility to S. haematobium infection. The aim of this study was to further our understanding and to determine whether, in the 5q31-q33 region, rs1800925 affects infection levels alone or in synergy with other polymorphisms. After sequencing the IL13 promoter and increasing the single-nucleotide polymorphism density, we performed a linkage disequilibrium analysis between rs1800925 and the other markers in a Malian population. Multivariate linear regression analysis and electrophoretic mobility shift assay (EMSA) were performed to characterized markers in linkage disequilibrium with rs1800925. An additional polymorphism, rs7719175, in the IL13 promoter was associated with controlling infection levels in multivariate analysis. The haplotype rs7719175T-rs1800925C was associated with high infection levels. EMSA indicated that rs7719175 affects the binding of transcriptional factors to the promoter region. Polymorphisms rs7719175 and rs1800925 have a synergistic role in the control of infection levels caused by S. haematobium and using them as a haplotype allows a better discrimination between infected subjects.
Introduction
Urinary schistosomiasis is a parasitic disease caused by Schistosoma haematobium helminths. Adult worms inhabit the vesical venous plexus, in which female worms lay an average of 300 eggs per day. S. haematobium eggs may pass into urine or remain trapped within the tissues (mainly the bladder and ureter walls). In urinary schistosomiasis trapped eggs, cause major pathological disorders in the urogenital system; 63% of infected individuals display haematuria due to their infection, 28% dysuria and 8.5% significant hydronephrosis. 1 The global mortality rate has been estimated at 150 000 deaths per year. 1 A study on infection by Schistosoma mansoni, another schistosome species that causes liver damage showed that infection levels were dependent on a major codominant locus (SM1) that accounts for half of the variance in infection levels. 2 This major locus was mapped to the 5q31-q33 region, which contains the Th2 gene cluster (including the IL4, IL5 and IL13 genes). [3] [4] [5] These results are consistent with findings that sterile immunity in human schistosomiasis is dependent on IgE levels, eosinophils and on the Th1/Th2 balance. [6] [7] [8] [9] [10] Parallel results have also been obtained in a S. haematobium-infected population. 11, 12 We previously found in a Malian population that one polymorphism in the IL13 gene, rs1800925(C/T) (also called IL13-1055C/T or IL13-1112C/T), was associated with susceptibility to S. haematobium infection. 12 This result was confirmed in an independent study performed in Kenya. 13 This polymorphism had a synergistic effect on infection with another polymorphism located in the STAT6 gene (rs324013). 14 rs1800925 has also been shown to affect the binding of transcriptional factors to the site encompassing this mutation. [14] [15] [16] A pilot study, performed on the Malian population, failed to detect correlation between rs1800925 and 33 surrounding markers genotyped. 14 These data suggested that rs1800925 may be the functional single-nucleotide polymorphism (SNP) controlling infection levels. However, this analysis has two limitations. First, it included only frequent markers with a minor allele frequency 420% in the HapMap African reference population. Second, this analysis did not take into consideration potential linkage disequilibrium between rs1800925 and the other markers. The main aim of this study was to further these findings and to determine whether, in the 5q31-q33 region, rs1800925 affects infection levels alone or in synergy with other polymorphisms located in the surrounding region. We sequenced the IL13 promoter and increased the SNP density in this region and upstream. We then performed a new linkage disequilibrium analysis between rs1800925 and the other markers. The SNPs characterized by a D 0 value over 0.7 were genotyped across our entire Malian study sample. Here, we report that one additional polymorphism (rs7719175) upstream of the IL13 promoter is associated with determining the outcome of infection. A haplotype analysis indicated that combinations of rs1800925 and rs7719175 are involved in determining the outcome of infection. Functional assays confirmed that rs7719175 affects the binding of transcriptional factors in the promoter region.
Results
Here, we investigated the effect of rs1800925 on S. haematobium infection, alone or in synergy with other polymorphisms in the 5q31-q33 region.
Sequencing of the IL13 promoter detects four polymorphisms in Malian study sample We sequenced the region surrounding rs1800925 from -1495 to þ 649 bp (according to the þ 1 transcription start site) in 18 randomly selected subjects. Nine subjects presented high infection levels (4132 eggs per 20 ml urine), whereas the other 9 subjects, living in the same endemic area, were highly exposed but resistant to infection (no egg per 20 ml urine). Sequence analysis detected four mutations, which have previously been described in the HapMap database. [17] [18] [19] Three of the four mutations consisted of a single base substitution (rs2069739, rs2069740 and rs1295687), whereas one involved an insertion/deletion (rs2069738). Three polymorphisms are located in the promoter (rs2069738, rs2069739 and rs2069740) and one is located inside the IL13 gene (rs1295687 in intron 1).
Eight markers are in linkage disequilibrium with rs1800925 In our previous study, we selected 33 SNPs to investigate potential correlation between the marker rs1800925 and these nearby polymorphisms. These selected markers have an MAF 420% in the African reference population described in HapMap (Yoruba reference population). Since our first analysis, four markers, which are located in the IL13 gene promoter or upstream, have been genotyped in HapMap reference populations. These markers are characterized by an MAF 420% in the Yoruba reference population (rs7719175, rs3091307, rs12188917 and rs1881457). To increase the resolution of this previous map, we genotyped these four markers and the four markers identified from our sequencing analysis. Correlation bins were determined based on the genotyping data obtained for all the 42 polymorphisms, in 86 unrelated subjects selected randomly in the Ségué/Boul Malian cohort. The marker rs1800925 was not correlated with the other polymorphisms (0or 2 o0.36). Thus, none of the other polymorphisms contained the same genetic information present in rs1800925. However, we identified eight polymorphisms in strong linkage disequilibrium (D40.7) with rs1800925 ( Figure 1 were not independent. Some SNPs may have had an additive or antagonist effect on infection with rs1800925. Except for rs2069743, which was analysed in a previous study, 12 the seven other markers were tested for their association with infection levels.
Polymorphism rs7719175 is associated with infection levels
We tested for putative associations between the seven SNPs in strong linkage disequilibrium with rs1800925 and infection levels in the Ségué/Boul sample (rs2040703, rs2040704, rs7719175, rs3091307, rs2069738, rs2243268 and rs2243283). These markers were genotyped across the whole population. The genotype frequencies of each polymorphism that are in strong linkage disequilibrium with rs1800925 are described in Table 1 . All of the markers were in Hardy-Weinberg equilibrium (0.38oPo1).
We tested for potential associations between each individual polymorphism and infection levels by linear regression (stepwise procedure) to analyse the relationship between the probability of an individual developing a high level of infection and the main covariates known to affect infection by schistosomes (age and gender). In this analysis the infection level was considered as a qualitative trait (linear phenotype). In this way, we were not obliged to fix a cutoff value to separate individuals with low infection levels from subjects with high infection levels. For polymorphism rs7719175, we compared the subjects carrying the T/T genotype to the others subjects carrying either the T/G genotype or the G/G genotype.
A trend of association was detected for a SNP located upstream from the IL13 gene (position -7402), rs7719175 (age: Po10 À3 ; gender: P ¼ 0.006 and genotype: P ¼ 0.066). We showed the genotype distribution over the whole population as a graph, taking into account the village of origin, the gender and the age of the subjects. Subjects carrying the rs7719175T/T genotype had a higher level of infection than those with the T/G or G/G genotypes ( Figure 2a ). This effect was more marked on men (Figure 2b ), in subjects from Boul (the village with the highest levels of infection) ( Figure 2c ) and in subjects under 20 years ( Figure 2d ).
Polymorphisms rs324013 in STAT6 promoter and rs7719175 upstream from IL13 gene have an additive effect on infection levels Polymorphism rs7719175 is potentially associated with high infections levels. We previously demonstrated that subjects from the same population who carry the rs1800925C/C and the rs324013C/T genotypes have higher levels of infection than non-carriers. 14 We performed a multivariate analysis of infection levels (linear regression, stepwise procedure) across the whole population to characterize the involvement of this newly associated SNP further; we included gender, age, village, rs1800925 and rs324013 as covariates. Genotypes were considered as binary variables. For rs7719175, the T/T genotype was compared with the other two combined genotypes (T/G or G/G) (rs1800925: C/C vs C/T and T/T; rs324013: C/T vs C/C and T/T). Gender (P ¼ 0.002), age (Po10
), rs7719175 (P ¼ 0.03) and rs324013 (P ¼ 0.014) were associated, whereas rs1800925 was excluded by the software. This exclusion is due to the high linkage disequilibrium degree between rs7719175 and rs1800925.
Haplotype analysis allowed the identification of a susceptibility combination Using HapAnalyzer software, we performed an in silico haplotype reconstruction of the Ségué-Boul population, including the two SNPs rs1800925 and rs7719175. Four haplotypes were detected in the study population with various frequencies ((1) rs7719175T-rs1800925C: 52.5%; (2) rs7719175T-rs1800925T: 30.6%; (3) rs7719175G-rs1800925T: 15.8%; (4) rs7719175G-rs1800925C: 1.1%). We investigated the relationship between infection levels and the three IL13 and infection in schistosomiasis A Isnard et al most frequent haplotypes. Thus, six haplotype combinations were studied. Subjects bearing haplotype 1 (subjects 1/1 or 1/2 or 1/3) were more infected than the other subjects (P ¼ 0.014) (Figure 3 ). Haplotype 1 is the combination of two susceptibility alleles (rs7719175T and rs1800925C). Similarly, subjects bearing two copies of the haplotype 3, which is a combination of two resistant alleles (rs7719175G and rs1800925T), tend to be less infected than the other subjects ( Figure 3 ). We considered haplotype as a possible covariate. A linear regression, including this new variable and the main covariates, detected significant associations for age (Po10 À3 ), gender (P ¼ 0.005), village (Po10 À3 ) and haplotype combination (P ¼ 0.014). Similar analysis, restricted to the Boul village confirmed this association for age (Po10 À3 ) and haplotype combination (P ¼ 0.002) (gender was excluded from the model by the software).
Polymorphism rs7719175 affected binding between nuclear factors and the IL13 promoter rs7719175 may influence gene expression by changing the binding of transcription factors to DNA. We performed an electrophoretic mobility shift assay (EMSA) to test the functionality of rs7719175. We used nuclear extracts from peripheral blood mononuclear cells (PBMCs), Jurkat T cells (both stimulated with phytohaemagglutinin (PHA)) and from purified CD4 þ T cells. These varied nuclear extracts were used to avoid potential error due to inadequate representation of the necessary transcription factors in any particular nuclear extract.
We showed that the T-susceptibility allele binds to the same transcription factors as the G allele, but with higher affinity (Figure 4) . Similar results were obtained with the three different nuclear extracts. These results support our previous findings that rs7719175 and rs1800925 have functional roles in the control of infection levels caused by S. haematobium.
Discussion
The description of an association between rs1800925 and infection levels was a critical step in characterizing genetic control of infection levels in areas endemic for schistosomiasis. 12, 13 However, this polymorphism may also have a synergistic effect with other SNPs of the 5q31-q33 region. After sequencing the promoter of the IL13 gene and scanning the 5q31-q33 region, we established a linkage disequilibrium map based on 42 SNPs. Although none of the tested SNPs was significantly correlated with rs1800925, eight were in strong linkage disequilibrium with this polymorphism. Among these markers, one SNP Figure 2 rs7719175T is associated with susceptibility to S. haematobium infection. Infection levels were quantified by counting eggs in urine. The mean number of eggs in urine samples is shown for the whole population (a), according to the gender (b), village (c) and age (d). The effect of this polymorphism on the infection levels was more obvious in men, in Boul, and in subjects younger than 20 years. Statistical tests were carried out to test the association between the three genotypes and the infection levels. These tests were carried out either on the whole population (a), on male (b left), on female (b right), on Ségué village subjects (c left), on Boul village subjects (c right), on subjects o20 years (d left) or 420 years (d right). However, in these tests, all the covariates were not added in the test (only genotypes).
(rs7719175) presented a trend of association with high infection levels. The rs7719175T/T genotype was associated with the highest infection levels. It may indicate that the rs7719175C allele is dominant on the rs7719175T allele. Linear regression analysis, including rs7719175 and all the main covariates known to affect infection by schistosomes (age and gender), revealed significant association. The association was also confirmed when the linear regression analysis was restricted to the Boul village (the village with the highest levels of infection). The association is more visible on young and on male subjects who have higher rates of schistosomiasis infection. 20 The fact that the association is more visible on Boul subjects is in agreement with the fact that the Boul subjects are more exposed than the Ségué subjects. 20 Haplotype analysis indicated that the haplotype rs7719175T-rs1800925C was associated with high infection levels, whereas haplotype rs7719175G-rs1800925T was associated with protection against infection. We also performed haplotype analysis including a larger number of SNPs (all the markers in linkage disequilibrium with rs1800925; data not shown). In this case, no significant association was detected indicating that only IL13 polymorphisms, rs7719175 and rs1800925, are associated with high infection levels. EMSA performed on various nuclear extracts showed that some transcription factors bind to the rs7719175T allele better than to the rs7719175G allele. Association studies also indicated that this SNP has an additive effect with the STAT6 SNP, rs324013 on infection, whereas rs324013 and rs1800925 exhibit synergy.
In order to establish the linkage disequilibrium map, we focused our efforts on SNPs characterized by an MAF 420 so that association studies would have significant statistical power. The associations between the rs7719175 polymorphism or the rs7719175T-rs1800925C haplotype and the infection levels were suggestive when we considered the Ségué and the Boul villages together, but these associations were significant when the studies were limited to the Boul village. Similarly, in our previous studies on IL13 rs1800925 and STAT6 rs324013, 12, 14 significant associations were obtained only in the Boul village data and not the combined data. Interestingly, the Ségué and Boul populations are very similar: they have the same sex ratio, the same age distribution and the same ethnic composition (Dogon). However, one factor differs between both villages, exposure to Schistosome parasites. Exposure among Boul subjects appears more widespread and intense. In Ségué, infection levels range from 0 eggs to 146 eggs in 20 ml urine samples (mean ¼ 36 eggs; median ¼ 0.4 eggs), whereas in Boul infection levels range from 196 eggs to 1462 eggs in urine samples (mean ¼ 157 eggs; median ¼ 29 eggs). 20 Thus, although the effects of these genetic polymorphisms are apparent only in conditions of very high exposure and infection rate, the underlying biological basis must be general and should be taken into account in future studies on Schistosome infection. Our findings are thus consistent with prior studies showing the strong role of the SM1 locus in S. mansoni infection levels, 2 the association of rs1800925 to high S. haematobium infection levels in an independent study in Kenya, 13 and the association of STAT6 polymorphisms to infection levels in other helminth infections. 21 No association was found for the other SNPs that are in linkage disequilibrium with rs1800925. Among these markers, we first noticed polymorphism rs2040704 (located in the 3 0 untranslated region of RAD50). In a genome-wide association study performed on a German asthma population, Weidinger et al. 22 found that rs2040704 was associated with serum IgE levels (P ¼ 4.46 Â 10
À8
) and increased the risk for atopic eczema and asthma. All these results would favour a role for this SNP in the control of the infection levels in schistosomiasis. In our study population, the fact that rs2040704 was not significantly associated with infection levels may be due to genetic background differences between the populations studied (African in our study vs German in Weidinger's studies).
Here, we identified rs7719175 as an additional SNP associated with schistosomiasis infection levels in a Malian population living in an area endemic for S. haematobium. To our knowledge, this is the first study to show that rs7719175 is involved in the control of a disease. rs7719175 modifies the binding of transcription factors to the IL13 promoter. It would be interesting to further analyse these protein-DNA interactions and to determine what kind of transcription factors are involved. Further work to confirm these results in other larger study populations, infected by S. haematobium or by another Schistosoma species, would provide more insight into the potential role of these polymorphisms in susceptibility to schistosome infection.
This study also shows that infection levels caused by S. haematobium are under a genetic control involving a haplotype, which combines two polymorphisms located Figure 3 The haplotype rs7719175T-rs1800925C is associated with susceptibility against S. haematobium infection. Infection levels were quantified by counting eggs in urine. Haplotype were designed with the software HapAnalyzer. We studied only three haplotypes: haplotype 1: rs7719175T-rs1800925C; haplotype 2: rs7719175T-rs1800925T and haplotype 3: rs7719175G-rs1800925T. The mean number of eggs in urine samples is shown according to the haplotype combinations between rs7719175 and rs1800925 (n ¼ 371). *P ¼ 0.014.
IL13 and infection in schistosomiasis
display synergy in the control of infection levels caused by S. haematobium, and using them as a haplotype allows a better discrimination between infected subjects. The identification of a significant high risk haplotype for Schistosome infection should be very helpful in the early identification of the subjects more predisposed to infection, and thus in the follow-up of these subjects.
Materials and methods

Study area and subjects
This study was carried out in two Dogon villages (Boul and Ségué) in the district of Bankass, 200 km from Mopti, in Mali. All the subjects were Dogon. The study population has previously been described. 12, 20 All subjects older than 4 years were included in the study (693 from Ségué and 148 from Boul), except those who refused to participate or were travelling (2% total). All the subjects included in this study have signed a consent form. The study was authorized by the chief of the district health care (Dr Bourema Pléa) and the local authority (Adama Casimir Sidibé). The study was approved by the Institutional Review Board committee of the Faculty of Medicine, Pharmacy and Odonto Stomatology, of Bamako.
Parasitological methods S. haematobium infections were quantified by counting the number of eggs in urine samples of 20 ml, by microscopical examination. 20, 23 Urine samples were collected during three to seven consecutive days, between 0800 and 1400 hours, depending on the availability of each participant. Individual infection levels are the arithmetic mean of egg counts in those three to seven samples. To ensure quality control of the egg count, 10% of the samples were randomly selected and re-counted by another microscopist. No S. mansoni eggs were found by Kato-Katz method (three slides were made from each sample) in faeces samples collected on two different days from 200 young subjects. Here, the infection level was considered as a qualitative trait (linear phenotype). In this way, we were not obliged to fix a cutoff value to separate individuals with low infection levels (resistant subjects) from subjects with high infection levels (susceptible subjects).
Blood samples and DNA preparation Blood (5-15 ml) was collected in sodium citrate collection tube and kept at À20 1C until DNA was extracted using the standard salting-out method. 24 Among all the participants of the study, a total of 478 subjects agreed to provide a blood sample for DNA extraction. The others refused mainly by fear of the invasiveness and/or due to their religion. For some subjects, we abandoned blood collection after two unsuccessful bleeding attempts.
PCR, sequencing and genotyping
PCRs were conducted on a robocycler in 30 ml reactions (100 ng DNA, 10 mM Tris-HCl, pH 9, 0.1% Triton X-100, 50 mM KCl, 0.2 mg ml -1 bovine serum albumin, 1.5 mM MgCl 2 , 1 mM each primer, 1 mM dNTPs and 1.5 U Taq polymerase). Following the initial denaturation step (94 1C, 5 min), samples were subjected to 35 cycles of PCR consisting of 94 1C for 1 min, annealing temperature for 45 s and 72 1C for 45 s.
A region of B2 kb spanning the IL13 promoter and the end of the first intron of the IL13 gene was amplified using five sets of primers (Table 2) , based on the standard PCR protocol described above. Amplified products were then sequenced using a cycle sequencing system (BigDye Terminator) on an automatic sequencer. Sequencing was performed by GATC Biotech (GATC Biotech, Marseille, France). Templates for sequencing were obtained from nine patients presenting high infection levels (6/9 were from Boul and 6/9 were male), and nine subjects who were living in the same endemic area but were uninfected (all from Ségué and 3/9 were male). Individual sequencing reactions were performed on both strands. For each individual sample, sequences were compared with the reference sequence visually base by base and by using ClustalW (http://www.ebi.ac.uk/ Tools/clustalw2/index.html). The reference sequence is described in Ensembl under the ENSG00000169194 accession number (the coordinate system: from 132.020. 269 to 132.022. 412). Polymorphisms used to define linkage disequilibrium map were amplified by PCR as described above and genotyped by restriction enzyme analysis (Table 3) . Depending on which allele is present, a polymorphism can create or destroy a restriction site, resulting in different sizes and number of PCR fragments after digestion by the appropriate restriction enzyme.
Statistical analysis
We performed correlation analysis and linkage disequilibrium using Haploview version 4.1 (http://www.broad. mit.edu/mpg/haploview/index.php). 25 Two loci were considered in strong linkage disequilibrium if the value D 0 was X0.7. Linkage disequilibrium draw uses the standard (D 0 /LOD) colour scheme. Haplotypes were resolved using the partition ligation expectation maximization (PLEM) algorithm within HapAnalyzer software (http://ngri.re.kr/HapAnalyzer). 26 Multivariate linear regression was used under stepwise procedure to analyse the relationship between the probability of an individual developing a high level of infection and the main covariates known to affect infection by schistosomes (age, gender). The village of origin (Ségué or Boul) is another important covariable in our population study, as the exposure differs in these two villages. 20 We used the statistical software package SPSS (Bois Colombes, France) (version 10.0) for this analysis. Log transformation of the data does not change the P-values.
Electrophoretic mobility shift assay Nuclear extracts were prepared from Jurkat T cell line (American Type Culture Collection-LGC Molsheim, France), and also from human PBMCs or purified CD4 þ cells (obtained from healthy donor, National French blood bank). Jurkat T cells were grown to a cell density of 3 Â 10 6 cells per ml in supplemented media (RPMI 1640 (Invitrogen, Cergy Pontoise, France), fetal bovine serum 10%, Hepes 1%, Pen/Strep 2%), and then stimulated for For each marker, the position according to the coordinate system is indicated. For each set of primers, the best annealing temperature was 50 1C. For each marker, the position according to the +1 transcription of the IL13 gene is indicated. For each marker, the position according to the coordinate system is indicated.
